The supernatant initiation factor from Artemia salina embryos promotes, besides the AUGdependent binding of fMet-tRNAf, the poly(U)-dependent binding of N-acetylPhe-tRNA to 40S ribosomal subunits; the bound N-acylaminoacyl-tRNA reacts directly with puromycin upon addition of 60S subunits. Both the binding reaction and the synthesis of N-acylaminoacyl-puromycin occur in the absence of GTP or other ribonucleoside triphosphates. To a smaller extent, the factor also mediates the 40S ribosomal binding of Met-tRNAf and PhetRNA; in this case, the bound aminoacyl-tRNA is less reactive with puromycin. After the poly(U)-and supernatant factor-dependent binding of N-acetylPhe-tRNA to 40S subunits at low Mg2+ concentration, binding of a second aminoacyl-tRNA (Phe-tRNA), with ensuing formation of the first peptide bond, is dependent upon the addition of the 60S subunit, elongation factor EF-1, and GTP. Further growth of the polypeptide chain requires translocation and is, therefore, dependent upon the addition of elongation factor EF-2. As with the Escherichia coli system, once requirements for translation of the third codon have been met, no further additions are necessary for elongation of a peptide chain.
ates the 40S ribosomal binding of Met-tRNAf and PhetRNA; in this case, the bound aminoacyl-tRNA is less reactive with puromycin. After the poly(U)-and supernatant factor-dependent binding of N-acetylPhe-tRNA to 40S subunits at low Mg2+ concentration, binding of a second aminoacyl-tRNA (Phe-tRNA), with ensuing formation of the first peptide bond, is dependent upon the addition of the 60S subunit, elongation factor EF-1, and GTP. Further growth of the polypeptide chain requires translocation and is, therefore, dependent upon the addition of elongation factor EF-2. As with the Escherichia coli system, once requirements for translation of the third codon have been met, no further additions are necessary for elongation of a peptide chain.
In previous papers (1, 2), we reported on an initiation factor from postribosomal supernatants of embryos of the brine shrimp, Artemia salina, and its relation to factors from ratliver supernatant (3) (4) (5) (6) and rabbit-reticulocyte ribosomal washes (7) described by other investigators. The Artemia factor and the Escherichia coli initiation factor IF-2 are not interchangeable (2) but, as previously noted (1), the reaction promoted by Artemia factor, namely the AUG-dependent binding of fMet-tRNAf to eukaryotic 40S ribosomal subunits, shares certain properties with the analogous reaction catalyzed by IF-2 in bacterial systems: (a) it occurs on the small ribosomal subunit, (b) it is sensitive to edeine and aurintricarboxylic acid, and (c) the bound fMet-tRNAf is converted directly to fMet-puromycin upon addition of the large subunit. However, the eukaryotic reaction is GTPindependent.
In this paper, we report that, in further analogy to IF-2 (8) , the Artemia factor also promotes the poly(U)-dependent binding of N-acetylPhe-tRNA to 40S subunits, and the bound N-acylaminoacyl-tRNA is directly converted to N-acetylPhe-puromycin after addition of 60S subunits. Furthermore, the Artemia factor catalyzes, at low Mg2+ concentrations, not only the reported (1, 3, 5, 6 ) binding of Phe-tRNA, but also that of Met-tRNAf to 40S subunits.
However, the unacylated derivatives are bound to a lesser extent than the N-acylated ones, and the bound aminoacyltRNA is less reactive with puromycin. The poly(U)-directed synthesis of N-acetylPhe-(Phe)n by the Artemia system requires (a) supernatant factor for formation of the 40S initiation complex, (b) the 60S subunit, elongation factor EF-1, and GTP, for binding of the second aminoacyl-tRNA and ensuing synthesis of the first peptide bond, and (c) elongation factor EF-2 for further growth of the chain.
MATERIALS AND METHODS
Ribosomal Subunits and Factors. A. salina ribosomal subunits (1) and the A. salina supernatant initiation factor (2) were prepared as outlined in preceding papers. The isolation and assay of partially purified chain-elongation factors EF-1 and EF-2 from A. salina was described (1) . They were free of supernatant initiation factor. In order to remove traces of EF-2 contaminating the EF-1 fraction used in this work, use was made of the sensitivity of eukaryotic EF-2 and the insensitivity of EF-1 to SH-binding reagents (9 min at 250. Unless otherwise stated, the Artemia supernatant factor preparation used was that described in the preceding paper (2); 0.26 jg/sample was used. The ribosome-bound radioactivity was determined as described (1) . The determination of N-acylaminoacyl-puromycin or aminoacyl-puromycin synthesis and of protein was also described (1) from the complex by alkaline hydrolysis. After addition of 1.0 ml of 0.12 M KOH and further incubation for 30 min at 370, the samples were acidified with 0.1 ml of concentrated (12 M) HCl. Ethyl acetate, 1.5 ml, was then added and the contents of the tube were thoroughly mixed with a Vortex omnimixer. After separation of the phases by lowspeed centrifugation, the ethyl acetate layer was collected by suction and evaporated to dryness. The residue was redissolved in 0.2 ml of ethyl acetate, applied to a strip (2 X 30 cm) of Whatman 3 MM paper, and subjected to electrophoresis in 0.05 M pyridine acetate (pH 3.5) at 45 V/cm for 2 hr. N-acetyl[14C]phenylalanine was used as marker. After drying, the strips were scanned for radioactivity in a Nuclear Chicago Actigraph III (model 102). The mobility towards the anode of N-acetylPhe was 13 cm, that of N-acetylPhe-Phe was 9 cm. The strips were cut into 1 X 2-cm pieces, and the radioactivity of each piece was determined in Omnifluor in a Packard Tri-Carb liquid scintillation spectrophotometer. The 14C and 3H radioactivity of the dipeptide region was then calculated with appropriate corrections for counting efficiency and quenching. The counting efficiency was 14C, 75%, 3H, 30% when radioactivity retained on Millipore filters (ribosomal binding) was counted and 14C, 63%, 3H, 3.5% when electrophoresis paper strips (dipeptide formation) were counted.
For determination of radioactivity insoluble in hot trichloroacetic acid, the samples were treated with 3 ml of 5% acid, heated to 900 for 15 min, cooled, and filtered through Millipore filters. The filters were thoroughly washed with 5% trichloroacetic acid, dried, and counted in Omnifluor as above.
Miscellaneous. Phe-tRNA and fMet-tRNA labeled with 14C in the phenylalanine and methionine residues, respectively, and Phe-tRNA labeled with 3H in the phenylalanine residue, were prepared by aminoacylation of crude E. coli W tRNA as described (1 
RESULTS

Lack of GTP requirement
As already reported (1, 2), the reactions catalyzed by the Artemia supernatant factor required no addition of GTP. This was quite surprising because the supernatant factor is the eukaryotic counterpart of the prokaryotic initiation factor IF-2, which functions with a stringent and specific requirement for GTP or its analog GMP-PCP. The A280/A260 ratios of factor preparations, 1.5-1.7, appeared to exclude the presence of bound nucleotide. Moreover, contamination with GTP was unlikely because fractions having both initiation factor and elongation factor EF-1 activity required the addition of GTP to promote the (EF-1-dependent) poly(U)-directed binding of Phe-tRNA to Artemia 80S ribosomes. Since ATP is reportedly required for initiation in a wheatembryo system (11) , the initiation reaction catalyzed by the supernatant factor could be dependent on a nucleoside triphosphate other than GTP. However, one must conclude from the data of Table 2 that there is no nucleoside triphosphate requirement. Other investigators noted the lack of GTP dependence for ribosomal binding of aminacyl-tRNA promoted by rat-liver supernatant factor (3, 5, 6) Table 3 , show that the nonacylated compounds (MettRNAf and Phe-tRNA) are bound to a smaller extent than the N-acylated ones (fMet-tRNA and N-acetylPhe-tRNA), and the bound aminoacyl-tRNAs are less reactive with puromycin than the N-acylaminoacyl derivatives. It may also be seen in Table 3 that addition of GTP does not improve the reactivity of Met-tRNAf and Phe-tRNA. Similar results, to be reported elsewhere, have been obtained with A. salina Met-tRNAf, fMet-tRNAf, Phe-tRNA, and N-AcetylPhetRNA.
The low puromycin reactivity of Met-tRNAf and PhetRNA cannot be explained by the assumption that the supernatant factor promotes the binding of the nonacylated derivatives to a site of a 40S subunit from which it can enter the aminoacyl, rather than the peptidyl, site of a 60S subunit upon formation of an 80S couple. Were this the case, one would expect to increase the puromycin reactivity to the level seen with the N-acylaminoacyl-tRNAs when GTP and transolcase (elongation factor EF-2) are present along with the supernatant factor. However, addition of GTP and EF-2 did not improve the puromycin reactivity of the bound aminoacyltRNA (Table 3 , experiments 4 and 6). Thus, it must be assumed that, just as it does with fMet-tRNA and N-acetylPhetRNA, the supernatant initiation factor promotes the binding of Met-tRNA and Phe-tRNA to an initiation site on a 40S subunit. Since the nonacylated derivatives are bound to a lesser extent than the N-acylated ones, it may be that the affinity of the nonacylated derivatives for this site, or for the initiation factor, or both, is lower than that of the acylated. The low puromycin reactivity of the nonacylated aminoacyltRNAs may be due to structural requirements of peptidyl transferase. This will be discussed below.
In agreement with the fact that E. coli tRNAPhe, normally a carrier of internal phenylalanyl residues, can function as an initiator tRNA in model systems, we find that with A. salina ribosomes and factors, Phe-tRNA can be recognized both by the supernatant initiation factor or by the elongation factor EF-1. This contrasts with the behavior of tRNA et, which is recognized exclusively by the supernatant factor. As seen in Table 4 , there is little or no AUG-dependent binding of fMet-tRNAf to 80S (40S + 60S) ribosomes, and no Metpuromycin synthesis whether GTP, EF-1, and EF-2 are present or absent. On the other hand, there is poly(U)-dependent binding of Phe-tRNA to ribosomes if GTP and EF-1 are present, and some of the bound aminoacyl-tRNA is converted to Phe-puromycin upon the further addition of EF-2. Here, Phe-tRNA is bound to the aminoacyl site in a GTPand EF-1-dependent reaction, and must undergo GTP-and EF-2-dependent translocation to the peptidyl site in order to become puromycin-reactive.
Stepwise elongation of polypeptide chain
The formation of a true initiation complex by N-acetylPhetRNA with A. salina ribosomes was made use of in a stepby-step study of the requirements for chain elongation with eukaryotic ribosomes and factors. The reaction used was the poly(U)-directed synthesis of an oligopeptide, N-acetylPhe-(Phe),f. Similar studies have been done with bacterial systems (12) (13) (14) (15) . Table 5 shows the simple, but stringent, requirements the experiment with Met-tRNAf (AUG as messenger). A 0.3 pmol blank (no GTP and no elongation factor additions) was subtracted throughout the Phe-tRNA experiment.
of the initiation step. In this model system, initiation requires a single initiation factor-the supernatant factor-, is GTPindependent, and occurs exclusively on free 40S subunits. 80S ribosomes (Table 5 ) and, as reported earlier (1), 60S subunits are completely inactive. As seen in Table 6 , after the addition of 60S subunits, the second aminoacyl-tRNA (PhetRNA) is bound, with a strict requirement for elongation factor EF-1 and GTP. This is followed by peptide-bond synthesis, with formation of an N-acetylPhe-Phe-tRNA-80S (16, 17, 19) but also with eukaryotic ribosomes (18) (19) (20) . It may reflect the requirement by peptidyl transferase that a substrate at the peptidyl, ie., the donor site, have an amide rather than a free a-amino group (16, 17) . This requirement is met by prokaryotes, where the initiator is fMet-tRNAf rather than Met-tRNAf, but not by eukaryotes, where the situation is apparently reversed (21) . The mechanism of initiation in eukaryotes, with Met-tRNAf as the initiator, is poorly understood. In contrast to the simple requirements obtaining in our studies with fMet-tRNAf (or N-acetylPhe-tRNA) as initiator, no fewer than three factors (IF-Ml, IF-M2A, IF-M2B) are required, besides GTP, for the AUG-dependent binding of Met-tRNAf to reticulocyte ribosomes (7, 22, 23) .
Although both the ribosomal subunits and the initation factor used by us stemmed from encysted embryos of the brine shrimp Artemia salina, similar initiation factors are found in mammalian cells (2) . In fact, the Artemia and rat-liver ribosomes and supernatant initiation factors are fully interchangeable, and preparations of the reticulocyte factor IF-Ml readily promote the formation of a functional initiation complex with fMet-tRNA or N-acetylPhe-tRNA and Artemia ribosomes (2) . The use of Artemia embryos is advantageous for several reasons: (a) ribosomal subunits are easily prepared and are very active (b) the formation of an initiation complex with Artemia ribosomes has an absolute requirement for the free, small ribosomal subunit (Table 5 ) not easily demonstrable with other eukaryotic or E. coli ribosomes, and (c) brine shrimp eggs are readily available and very suitable for large-scale preparation work.
Artemia ribosomes and factors as also well suited for the study reported in this paper of the stepwise elongation of the polypeptide chain with the poly(U)-dependent synthesis of N-acetyl-Phe-(Phe)n as a model system. As expected, the process is basically the same as in E. coli (12, 14, 15) , except for the lack of GTP requirement in the initiation step.
It may be noted in closing that whereas some limited interchangeability of prokaryotic and eukaryotic chain-elongation factors has been noted (24, 25 , and H. C. Klein and S. Ochoa, in preparation), the Artemia supernatant initiation factor and E. coli initiation factor IF-2 are not interchangeable (2) . On the whole, there have not been very pronounced changes in the evolution of systems of protein biosynthesis from the prokaryotic to the eukaryotic type, except perhaps for the initiation step. A better understanding of the mechanism of of eukaryotic initiation will, therefore, be of considerable biological importance.
